Abstract : The ability to precisely
tissue properties. Measurement of the speed of sound in tissues (including morbid tissues) is therefore required for further development of ultrasonic techniques that will enable identification of abnormal tissue. We have designed and developed a novel method for evaluating the acoustic properties of biological tissues. Our technique uses 3.5 MHz pulsed ultrasound, which is routinely used in the clinical setting. We used this procedure to quantitatively assess the acoustic properties of myocardial tissues and to evaluate its potential application as a novel diagnostic method.
Methods
The noncontact method for measuring sound speed This method for calculation of sound speed in myocardial tissue was based on one that we developed previously 10). A myocardial tissue sample was immersed in a tank containing physiological saline. One side of the tank measured approximately 30 cm. The sample was placed on a vinyl chloride film 1 to 2 cm above a metal stand used as a reflector. The upper side of the sample was covered with the same vinyl chloride film for stabilization and to obtain satisfactory reflection waves (Fig. 1) . When pulsed ultrasound was emitted, 3 different reflection waves were obtained from the surface and dorsal sides of the sample , and also from the reflector behind the sample (Fig. 2) .
Parameters were defined as follows ( Fig. 1) : c, the speed of sound transmitted through the sample ; CD, the speed of sound in physiological saline ; d, the depth of the sample ; tsd, the time taken for ultrasound to be transmitted through the sample ; and twd, the time taken for ultrasound to be transmitted through physiological saline equivalent to the Upper : Rt' indicates the reflecting wave from a reflector, through physiological saline alone. Lower : Rs indicates the reflecting wave from the surface of a specimen ; Rb, the reflecting wave from the dorsal side of a specimen ; Rt, the reflecting wave from a reflector, through a sample and physiological saline. 
The following equation was then obtained : Measurement o f transmission time using the frequency domain Because biological tissue is not a uniform medium, we analyzed reflection waves in the frequency domain. Using the fast Fourier transform, reflected waves were processed by frequency and time to obtain Lt and tsd 10) . Lt was calculated from phase changes in the frequency domain. For tsd, time waveforms were transformed by fast Fourier transform, and the amplitude information was visualized in the frequency domain alone. tsd was then Experimental verification of the method for measuring sound speed in tissues A SSD-180 ultrasound generator (Aloka) equipped with a converging PZT transducer (diameter, 13 mm ; focal distance, 50 mm) was used as the source of 3.5 MHz ultrasound. Reflection waves were recorded and digitized at 20 MHz sampling frequency using a 5182A waveform recorder (Hewlett Packard), then transferred to a computer via the HP-IB interface for calculation of of and tsd. We evaluated the precision and reproducibility of the method by measuring the sound speed in silicone rubber, a uniform medium, before measuring the sound speed in the biological samples. The sample used was a silicone rubber plate (KE 108; Shin-Etsu Chemical Co, Tokyo, Japan), approximately 5-mm thick and 20-mm square. We used the sound speed obtained by our method to calculate the thickness of the silicone plate, and compared this with the thickness measured by a micrometer. Importance of measuring sound speeds in tissue Ultrasonic techniques are widely used in the diagnosis of cardiac diseases. Two-dimensional echocardiography is used for morphological diagnosis and wall motion analysis 11, 12), whereas the Doppler method is used for estimation of cardiac output 13) and pressure differences 14) , and evaluation of left ventricular diastolic characteristics 15). Lesions of the myocardium are involved in most cases of ischemic or hypertensive heart disease, myocarditis and cardiomyopathy. However, these lesions have usually only been assessed indirectly, via their effects upon cardiac function, because few techniques are available for direct evaluation of histological changes in living myocardium. Although ultrasonic procedures have the potential to be useful for assessment of myocardial tissue, many issues regarding the correlation between histological changes and ultrasonic findings remain to be solved. Several methods have been reported to date, involving sensitive tomography 11.12), analysis of backscattering spectral patterns (radio frequency signals)1-7) and analysis of imaged reflecting echoes 8,9). Tanaka and Terasawa 16) have reported a technique based on the intensity of pericardial echoes. They evaluated the relative intensity of myocardial echoes, then designed a method for quantitative evaluation of abnormal echoes. However, the origin of the abnormal echoes remained unclear.
The ultrasonic properties of myocardium have been characterized by evaluation of integrated backscatter (IB)2. IB represents the mean intensity of backscatter classified by the respective frequencies when ultrasound with wideband frequency is emitted. Stunned myocardium can be identified by evaluation of TB, because the changes in TB over the cardiac cycle become unclear in the presence of acute ischemia but recover with reperfusion 5,6). Increases in the area of connective tissue within the myocardium are positively correlated with increases in the TB index 7). However, TB exhibits individual differences in evaluating the influence of attenuation during the course of measurement, and compensation for these individual differences is difficult. Therefore, comparison of values between patients is considered difficult when TB is used as an absolute index.
Texture analysis of myocardium has been performed using imaged reflecting echoes 8,9). However, in these studies the intensity of raw echoes was not analyzed, because the intensity of the raw echoes was modified by a logarithmic amplifier or STC (sensitivity time control) circuit. Various issues remain to be solved for these methods, such as the influence of attenuation by intervening tissues, differences in apparatus, and establishment of standardization. It appears difficult to make absolute comparisons between individuals by texture analysis. As for evaluation using IB, texture analysis will require further elucidation of tissue-specific acoustic characteristics before it can become sufficiently quantitative for diagnostic use. Significance of noncontact methods for measuring sound speed Our method has several merits. First, it does not require measurement of the thickness of the sample. Therefore, the errors that would be associated with the measurement of thickness do not influence the calculated sound speed. Second, by using 2-dimensional scanning, it is possible to express the sound speed distribution as 2-dimensional images, facilitating the analysis simultaneously at more than 2 points. Third, our method does not require contact between the transducer and the sample. Biological tissues are easily deformed by mechanical compression, resulting in strain applied to the tissue structure or a change in density. These changes alter the sound speed in tissues. When the transmission method is used to measure sound speed, the tissue sample is inserted between 2 transducers for transmission and reception of sonic waves. Because the tissue sample is mechanically compressed by the 2 transducers, it is difficult to obtain real values of sound speed that reflect pure characteristics of the tissue. In contrast, our method facilitates the measurement of sound speed in tissue samples without compression or deformity. Elimination of these error factors allows precise measurement of sound speeds in elastic biological tissues, which represents a significant advantage over previous methods.
Before measuring the sound speed in biological samples (nonuniform media), we initially confirmed the precision of the method using the silicone rubber, a uniform medium. These experiments showed that high precision (within approximately 0.2%) and reproducibility was achievable, and indicated the potential usefulness of this method for measuring sound speed in tissues.
Standard range for sound speed in rat myocardium Before tissues can be differentiated based on their acoustic characteristics, it is necessary to establish a standard range of sound speeds in healthy tissues. It is also necessary to ascertain the physical stability of the samples and to determine how sample storage may affect the sound speed. The present study evaluated changes in sound speed using freshly resected tissues and tissue specimens fixed with formalin. 
